Chaperonin containing tailless complex polypeptide 1 (CCT) is a molecular chaperone consisting of eight distinct protein subunits, that when oligomeric is essential for the folding of newly synthesized tubulin and actin. In addition to folding, CCT activity includes functions of individual subunits in their monomeric form. For example, when CCTδ monomer levels are increased in cultured mammalian cells, numerous cell surface protrusions are formed from retraction fibres, indicating that an underlying function for the CCTδ monomer exists. Here, using a yeast two-hybrid screen we identify the dynactin complex component p150
Introduction
Chaperonin containing tailless complex polypeptide 1 (CCT) is a molecular chaperone found in all eukaryotes where it is essential for the folding of tubulin and actin [1] and thus has a major role in the quality control of the eukaryotic cytoskeleton. Partially folded tubulin and actin monomers interact with the oligomeric form of CCT, where the double-rings of eight CCT subunits provide a geometrically-defined binding interface to assist with folding [2] [3] [4] . The eight CCT subunits (named α to θ in mammalian cells and 1-8 in yeast) are encoded by individual genes, all of which are essential in yeast [5] with one copy of each subunit being present in a fixed position in both rings of the chaperonin oligomer [6] . Each subunit contains a substrate binding domain that displays the most divergence in sequence amongst the CCT subunits, a linker region and a highly conserved equatorial ATP-binding domain [7] .
In addition to the folding of tubulin, actin and a subset of other less abundant proteins eg [8, 9] , several of the CCT subunits, when monomeric, possess functions separate to that of folding, consistent with a proportion of the CCT subunits existing as monomers in cultured mammalian cells eg [10, 11] . In yeast, CCT4 and CCT8 (corresponding to CCTδ and CCTθ) are more highly expressed than other subunits, despite an equal stoichiometry of subunits within the oligomer, suggesting that additional monomeric functions occur [12] . Studies expressing CCT subunits with equivalent mutations in their ATP-binding pockets in yeast, revealed a variable sensitivity to both the microtubule drug benomyl and the actin filament drug latrunculin, and variation in growth and morphology, observations that may indicate some CCT subunits possessing monomeric functions [13] . Furthermore, four of the CCT subunits (CCT α, γ, ζ and θ) behave as microtubule associated proteins (MAPS) in vitro [14] , and a role for monomeric CCTε in the Serum Response Factor pathway, which links actin assembly to actin transcription, has been reported [15] . Thus for both tubulin/microtubules and actin/microfilaments there is both a requirement for the folding of newly synthesized proteins by the CCT oligomer and a further involvement of some monomeric CCT subunits with assembled cytoskeletal structures and/or cytoskeleton-mediated processes.
We developed a strategy to study CCT subunits as monomers by fusing GFP to their N-termini to hinder subunit incorporation into CCT oligomers upon transfection into cultured mammalian cells [11, 15] .
The impact of increased levels of CCT monomers was then assessed and it was found that changes in morphology, where cells possess numerous protrusions, are induced by expression of GFP-CCTδ, but not the other seven CCT subunits [11] . We named this a 'protrusion phenotype' and identified two abrogating point mutations (GFP-CCTδ G357D and GFP-CCTδ D104E ) ( [11] and illustrated in Fig. 1 A) . The former mutation is situated on the external face of the apical domain and confers temperature sensitivity in yeast [16, 17] , where the temperature sensitivity may be linked to loss of monomeric function of CCT4 [11] . The latter mutation is within the ATP-binding site and the equivalent mutation in the bacterial chaperonin GroEL displays a much reduced ATPase activity [18] . GFP-CCTδ, but not GFP-CCTδ G357D nor GFP-CCTδ D104E , is associated with the plasma membrane in cultured mammalian cells and the protrusion phenotype is generated by numerous retraction fibres forming that contain actin bundles, following extensive membrane ruffling [11] . We therefore postulated that CCTδ, when monomeric, possesses a novel function such that when over-expressed the protrusion phenotype occurs due to enhanced levels of CCTδ monomer activity [11] .
Here we show that CCTδ interacts with p150
Glued , a component of the dynactin complex, which is involved in microtubule minus enddirected transport via the motor protein dynein. In addition to an intact microtubule network and p150 Glued being required for the protrusion phenotype to form, the transmembrane protein dynAP also plays a major role in the association of GFP-CCTδ with the plasma membrane. Changes in the levels GFP-CCTδ affect the migration of mouse melanoma cells during wound healing assays, indicating a role for monomeric CCTδ in cell migration.
Materials and methods

Yeast two-hybrid protein:protein interaction screen
Yeast two-hybrid screening was performed by Hybrigenics Services, France. Full-length mouse CCTδ was used as the bait in two formats: NLexA-CCTδ-C and N-Gal4-CCTδ-C. In both cases the library screened consisted of cDNA from the following breast tumor epithelial cells: T47D, MDA-MB-468, MCF7 and BT20.
Cell culture
Cell lines B16F1, MCF7 and BALB3T3 were maintained in DMEM (GIBCO Life Technologies) supplemented with 10% FBS (Invitrogen), 100 U/ml Penicillin-Streptomycin (GIBCO Life Technologies) and 2.5 μg/ml Plasmocin (InvivoGen) in a humidified atmosphere of 5% CO 2 at 37°C.
Plasmids and transfection of mammalian cell lines
CCT subunits and mutants thereof fused to GFP are described in [11] . Full-length human p150
Glued and the p150 Glued CC1 domain (213-548aa) both with C-terminal myc epitope tags (EEQKLISEEDL) in the vector pcDNA3.1+ were constructed by standard cloning/PCR methods. Template DNA was a gift from Erika L. F. Holzbaur. Full length human dynAP with an N-terminal FLAG-epitope tag (DYKDDD-DKI) in the vector pcDNA3.1+ was constructed as above. Template DNA was purchased from Origene. Transfection of cells was performed using Lipofectamine 2000 transfection reagent (Invitrogen) and Optimem (GIBCO Life Technologies).
siRNA-mediated depletion
The following siRNA probes were purchased from Dharmacon: On-Target plus human p150 Glued SMARTpool (L-012874-00-0010)
On-Target plus human Arfaptin2 SMARTpool (L-012820-00-0010) On-Target plus human dynAP SMARTpool (L-018222-01-0010) siGENOME Non-Targeting siRNA (D-001206-13-05) 200 nM of siRNA duplex was used with Oligofectamine transfection reagent (Invitrogen) and Optimem (GIBCO Life Technologies).
Antibodies
Primary antibodies were: anti-acetylated α-Tubulin clone 6-11B-1 (Abcam), anti-β-actin clone AC15, anti-α-Tubulin clone B-5-1-2 and anti-Flag clone M2 (Sigma), anti-p150
Glued clone 3D5-C6-D5 (Abcam) and clone 12/P150GLUED (BD Transduction Laboratories™), anti-GFP (Roche 11814460001) and anti-myc epitope tag Jac6 (Institute of Cancer Research, London). Secondary antibodies were: for immunostaining DyLight 549, Alexa Fluor® 594 and Alexa Fluor® 647 (Jackson Immunoresearch), for immunoblotting HRP-conjugated antibodies were obtained from Sigma.
Immunoprecipitation
Cells were lysed in 50 mM HEPES (pH 7.2), 90 mM KCl, 0.5% Igepal and mammalian tissue protease inhibitor cocktail (Sigma). A post-nuclear supernatant was prepared by centrifugation at 7000 rpm in a microfuge for 5 min at 4°C and then the post-nuclear supernatant clarified by centrifugation at 13,000 rpm in a microfuge for 2 min at 4°C. Samples were then incubated with GFP-trap®_A beads (Chromotek) for 1 h at 4°C on a rotating wheel. Beads were washed three times with lysis buffer (without protease inhibitors) and vacuum dried. The beads were rehydrated in 1× SDS loading buffer, incubated at 95°C for 5 min, vortexed, then proteins resolved by SDS-PAGE followed by Western blotting.
Western blotting
Proteins resolved by SDS-PAGE were transferred to nitrocellulose membranes in a wet transfer system overnight at 100 mA. Membranes were blocked by incubation in 5% non-fat milk in PBS for 30 min. Incubations with primary and secondary antibodies were for 1 h at room temperature. Membranes were washed for three times 5 min following each antibody incubation, using PBS containing 0.1% Tween 20. ECL was detected with an Intelligent Dark Box II and LAS-1000 CCD camera using Image Reader LAS-1000 software (Fujifilm).
Cell staining
B16F1 cells were grown on glass coverslips pre-coated with laminin (Sigma). On the day following transfection, cells were washed twice in complete PBS (PBS supplemented with 1 mM CaCl 2 and 0.5 mM MgCl 2 ) at 37°C, then fixed with 4% formaldehyde in complete PBS for 10 min. The cells were then washed three times in PBS and permeabilized in 0.2% TX100 in PBS for 15 min, followed by two washes in PBS. In the case of the antibody 12/P150GLUED, cells were fixed and permeabilized in cold methanol. Non-specific binding sites were blocked by incubation in 3% BSA in PBS (sterile filtered) for 30 min. All antibodies were diluted in 3% BSA in PBS and incubated sequentially for 1 h in the dark. Cells were washed 3 times in PBS between antibody incubations. For phalloidin staining, the incubation was at room temperature for 20 min with rhodamine-phalloidin (Molecular Probes) diluted in 3% BSA in PBS. After the final incubation, cells were washed 3 times in PBS and once in MilliQ water before mounted using ProLong® Gold reagent (Invitrogen).
Nocodazole treatment
BALB3T3 cells grown on glass coverslips were treated with 10 μM nocodazole either concurrently with the transfection procedure and extending for a total of 9 h or for 1 h on the day following transfection. Cells were fixed with 4% formaldehyde in PBS for 10 min then washed three times with PBS. Cells were permeabilized with 0.2% TX100 in PBS for 15 min and washed two times with PBS. Following blocking with 3% BSA in PBS (sterile filtered) for 30 min, cells were incubated with an anti-α-tubulin antibody diluted in blocking buffer for 1 h then washed 3 times in PBS. The anti-mouse DyLight 549 secondary antibody was diluted in blocking buffer and incubated for 1 h then washed three times in PBS. Cells were mounted using ProLong® Gold. All cell staining incubation steps were performed in the dark and at room temperature.
QPCR
MCF7 cells were transfected with non-targeting and dynAP siRNA as mentioned above. RNA extraction was carried out on day 4 using the RNeasy Plus Mini Kit (QIAGEN). cDNA was obtained using the RevertAid H Minus First Strand cDNA Synthesis Kit (ThermoFisher Scientific). qPCR was performed in a BioRad CFX Connect™ Real Time system and using HOT FIREPol® EvaGreen® qPCR Mix Plus (no ROX) (SOLIS BIODYNE). The relative gene expression of dynAP was calculated by the ddCT method, using GAPDH as the reference gene [19] .
Wound healing
Cells were plated at a density of 10 × 10 4 cells/well in a 6 well plate on the day prior to transfection. Following transfection, cells were replated in 8 well chambers (ibidi) on the day of transfection and imaging started 42 h later when cells had become confluent. The wound was manually created with a sterile micropipette tip and the media was replaced to remove detached cells resulting from the wound formation.
The chamber was immediately transferred to an Olympus cell ∧ R / scan ∧ R widefield microscope pre-heated to 37°C, with 5% CO 2 in a humidified environment. Time-lapse was then performed for 24 h, with a 10 min interval between frames, using a 4× objective. Cells were tracked manually using the Manual Tracking plugin in ImageJ software (NIH) and the migration parameters analyzed using the Chemotaxis plugin in ImageJ.
Statistical analysis
Student's t-test two-tailed distribution with 95% confidence (where * p < 0.05, ** p < 0.01 and *** p < 0.001) was used for immunoprecipitation quantifications, qPCR and wound healing assays. Two-way ANOVA test with 95% confidence (where * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001) was used in siRNA experiments and following nocodazole treatment.
Cell imaging
Wide field microscopy images were taken using a Zeiss Axioplan microscope and AxioVision software. Confocal microscopy was performed using a Zeiss LSM 700 inverted AxioObserver.Z1 and Zeiss Zen software. For structured illumination microscopy images, the Zeiss ELYRA PS.1 LSM780 system with Zeiss Zen Software was used.
Results
p150
Glued interacts with CCTδ and is required for formation of the protrusion phenotype
The protrusion phenotype induced by over-expression of GFP-CCTδ, but not GFP-CCTδ G357D or GFP-CCTδ D104E shown in Fig. 1A and [11] occurs even when expression levels are moderate (Fig. 1A) . In order to understand the underlying function of monomeric CCTδ, a yeast twohybrid protein:protein interaction screen was performed to identify interaction partners of monomeric CCTδ. Full-length mouse CCTδ was used as bait to screen for interaction partners from a library of cDNA clones prepared from human breast epithelial cell lines, having first confirmed that transfection of GFP-CCTδ into one of the epithelial lines, MCF7 (human breast adenocarcinoma cell line), induced protrusion formation. To ensure that the screening was directed at identifying interaction partners of CCTδ in its monomeric form, the bait construct was prepared with the screening component placed at the N-terminus of CCTδ, as based on our observations presented in [11] , a fusion at the Nterminus would hinder incorporation into the CCT oligomer. No CCT subunits were detected as binding partners in the screen, consistent with no detectable oligomerization occurring, thus confirming our strategy to screen for monomer binding partners. The screening resulted in one binding partner, p150 Glued (encoded by the gene DCNT1)
being identified (Table 1) . p150 Glued is a multi-domain protein that functions within the 1.2
MDa dynactin complex, mediating the binding of the dynein motor to microtubules eg [20, 21] . All four clones identified in our screen correspond to overlapping regions of sequence, which map to the coiled coil 1B region and part of the ICD domain of p150 Glued according to the structure presented by [21] . A cartoon of the domains of p150 Glued is shown in Fig. 1B . Co-transfection of B16F1 cells with GFP-CCTδ and p150 Glued -myc, followed by immunoprecipitation via the GFP-tag confirmed an interaction between GFP-CCTδ and p150 Glued -myc, whilst no interaction between GFP alone and p150 Glued -myc was observed (Fig. 1C) . The functional requirement of p150 Glued in formation of the protrusion phenotype was assessed by siRNA depletion of p150 Glued in MCF7 cells for three days, followed by transfection with GFP-CCTδ. Cells were fixed and stained with an antibody to p150 Glued (Fig. 1D ).
The GFP-CCTδ expressing cells were scored as having a strong phenotype (+++) with multiple protrusions, a weak phenotype (+) with few protrusions and no phenotype (-) with no visible protrusions (Fig. 1E) . Depletion of p150 Glued reduced the incidence of the protrusion phenotype, thus indicating the requirement of p150 Glued in the formation of the GFP-CCTδ-induced protrusions.
As only GFP-CCTδ and not the other seven subunits are known to induce the protrusion phenotype [11] , the binding assay strategy performed in Fig. 1C , was expanded to include all CCT subunits. Each of the eight CCT subunits fused to GFP were co-transfected with p150 Gluedmyc, followed by immunoprecipitation via the GFP-tag. In addition to GFP-CCTδ binding strongly to p150 Glued -myc, similar binding was also observed for GFP-CCTα and GFP-CCTζ and weak binding with several other CCT subunits ( Fig. 2A) . However, when the assay was performed with a construct of p150 Glued containing just the coiled coil 1 domain (CC1-myc), the region identified in our yeast two-hybrid screen (Table 1) , GFP-CCTδ displayed the highest level of binding (Fig. 2B ). These observations are consistent with CCTα and CCTζ interacting with a region of p150 Glued other than the CC1 domain and implicate the CC1 domain as being important for the formation of the protrusion phenotype.
Protrusion generation requires both a wild-type CCTδ apical domain and an ATP-bound conformation
The binding of the ATP-binding pocket mutant (GFP-CCTδ D104E ) and the apical domain mutant (GFP-CCTδ G357D ) to both p150
Glued constructs was then assessed. GFP-CCTδ D104E bound to full length p150 Glued -myc and CC1-myc to the same extent as GFP-CCTδ, whilst GFP-CCTδ G357D displayed little binding to either construct ( Fig. 2C and D) . These data are consistent with the apical domain of CCTδ containing the interaction site for p150 Glued . As GFP-CCTδ D104E binds to the CC1 domain of p150 Glued , but does not induce the protrusion phenotype, this indicates that a contribution from the nucleotide-bound conformation of CCTδ is required for the formation of the protrusion phenotype in addition to binding to the CC1 domain of p150 Glued .
We analyzed the localization of endogenous p150 Glued in B16F1 cells and found that in cells expressing GFP-CCTδ, a proportion of p150 Glued localizes to the cell periphery together with the GFP-CCTδ signal, whilst there is no difference in the p150 Glued localization Full length mouse CCTδ was used as bait in two screens. In all cases where a p150 Glued clone was identified, the level of confidence in the interaction was at the highest level. No other significant interaction partners were identified. a The first using N-LexA-CCTδ-C as bait. b The second using N-Gal4-CCTδ-C as bait. In both cases the library screened consisted of cDNA from the following breast tumor epithelial cells: T47D, MDA-MB-468, MCF7 and BT20.
between non-transfected cells and cells expressing GFP-CCTδ D104E ( Fig. 3A-C) . This is consistent with CCTδ binding to p150 Glued and an additional contribution form the nucleotide-bound conformation of CCTδ being important for localization to the plasma membrane. Thus although GFP-CCTδ D104E can bind to p150 Glued , the localization of p150 Glued does not change.
Microtubules are necessary for the formation of the protrusion phenotype
Our previous study [11] indicated that the majority of the protrusions are formed from retraction fibres. As inward tubulation of the plasma membrane is known to occur along microtubules via the minusend directed motor protein dynein and the dynactin complex (of which p150
Glued is a component) e.g. [22] , we assessed both the distribution and functional contribution of microtubules in the context of the protrusion phenotype. B16F1 cells transfected with GFP-CCTδ were stained with an antibody raised against α-tubulin and imaged using structured illumination microscopy (SIM) (Fig. 4A) . In some regions of the cell (asterisks) the microtubules do not extend to the periphery, whilst in other regions the microtubules are localized much closer to the plasma membrane (arrowheads). Microtubules are present in the thicker protrusions (arrows), but are only found in a few of the fine finger-like protrusions where they do not extend to the tip (diamonds) (Fig. 4B) .
Transfection of B16F1 cells with GFP-CCTδ, GFP-CCTδ G357D or GFP-CCTδ D104E had no effect on the levels of total α-tubulin and levels of acetylated (stable) microtubules remained unchanged (Fig. 4C) , consistent with the expression of the CCTδ constructs not having an effect CCTδ and CC1-myc. Immunoprecipitation using GFP-nanobody beads was then performed and analyzed by Western blotting probing for the myc epitope. For each set of immunoprecipitations, an example Western blot is shown together with the quantification from three separate experiments where the signal intensities were standardized to the myc signal in the GFP-CCTδ sample. Student's t-test was calculated between the myc signal in the GFP-CCTδ sample and the myc signal in each of the other immunoprecipitation samples. p-values were considered significant when: * p < 0.05, ** p < 0.01 and ***p < 0.001.
on microtubule levels and stability. In order to assess the functional contribution of microtubules in the generation of the protrusion phenotype, BALB3T3 cells were transfected with GFP-CCTδ for nine hours in the presence of the microtubule depolymerizing drug nocodazole, which blocked formation of the protrusion phenotype (Fig. 5A and C) . Thus our data are consistent with microtubules being required for the formation of the protrusion phenotype, although we cannot exclude the possibility of the protrusion phenotype being affected indirectly by the nocodazole treatment (eg cell cycle progression). Treatment with nocodazole for one hour on the day after transfection, when the phenotype was established, did not abrogate the protrusion phenotype ( Fig. 5B and D) . Thus, the disassembly of microtubules does not result in a rapid collapse of the protrusion phenotype, suggesting that other factors contribute to its maintenance. The quantification in Fig. 5D illustrates that the majority of BALB 3T3 cells transfected with GFP-CCTδ form protrusions, consistent with our observations for B16F1 cells (Fig. 1A) , thus showing the robustness of the protrusion phenotype. The diffuse distribution of p150
Glued persisted throughout the cytoplasm after treatment with nocodazole for one hour to depolymerize microtubules (Fig. 5E ).
The transmembrane protein dynAP mediates GFP-CCTδ localization at the cell periphery
We next addressed the observations that GFP-CCTδ, but not the CCTδ mutants, was seen to be localized to the cell periphery by microscopy and present in the plasma membrane fraction during subcellular fractionation assays [11] . Neither CCTδ nor p150
Glued are known to associate directly with the plasma membrane. To address the possibility that an additional protein interaction partner that is membrane-bound mediates the association of CCTδ with the plasma membrane, we focused on two proteins known to bind both the dynactin complex and associate with membranes, dynAP and arfaptin 2. DynAP contains a transmembrane domain and GFP-dynAP associates with the plasma membrane and the Golgi apparatus in HeLa cells, and immunoprecipitation experiments indicate an association with the dynactin complex in ACHN and HeLa cells [23] . Arfaptin 2 is a BAR domain-containing membrane binding protein [24] , that interacts with the dynactin complex [25] . Using MCF7 cells, levels of dynAP were reduced by siRNA treatment, followed by transfection of GFP-CCTδ. Cells were scored for Plot profiles of the line section in the merged micrographs show the intensity profile of each single channel (where the green line corresponds to GFP-fused proteins and the red line corresponds to p150 Glued ). Scale bars correspond to 10 µm.
having a strong, weak or no protrusion phenotype. A reduction in the prevalence of the phenotype was observed to a similar extent of that observed when targeting p150 Glued (Fig. 6A) . In contrast, depletion of arfaptin 2, resulted in only minor reductions in the prevalence of the phenotype (Fig. 6B ). Simultaneous depletion of dynAP and p150
Glued was not additive to the effects of depleting p150 Glued alone (Fig. 6A) and simultaneous depletion of arfaptin 2 and p150 Glued was not additive to the effects of depleting p150 Glued alone (Fig. 6B) . Western blotting confirmed that there was no variation in the GFP-CCTδ levels following the siRNA targeting of p150 Glued and/or dynAP and that the p150
Glued was depleted by approximately 65% (Fig. 6C) . The efficiency of the siRNA duplex targeting dynAP was confirmed by qPCR (Fig. 6D ). Although there is a variation in the prevalence of the protrusion phenotype seen here and in Fig. 1E , this may well be a consequence of transfecting plasmid DNA when cells have already undergone siRNA treatment for three days. However, the observed trend was always consistent. Cells were examined by confocal microscopy to assess the localization of GFP-CCTδ. Depletion of either p150 Glued or dynAP prevented the accumulation of GFP-CCTδ at the cell periphery (Fig. 6E) . This is consistent with both p150 Glued and dynAP being part of the same protein complex that links GFP-CCTδ to the plasma membrane. SIM was then utilized to visualize B16F1 cells transfected with GFP-CCTδ, p150
Glued -myc and Flag-dynAP for 24 h. A maximum intensity projection revealed that in addition to GFP-CCTδ localizing to the cell periphery, it also decorates some microtubules towards the centre of the cell (Fig. 7A) . P150 Glued -myc decorates numerous microtubules throughout the cell, consistent with the observations of [20] and FlagdynAP is localized at the cell periphery (Fig. 7A) . Analysis of single z planes from enlarged images show that in regions of the cell where the periphery is smooth and concave, at least one microtubule is running parallel to the plasma membrane with p150 Glued and GFP-CCTδ being in close proximity to each other (Fig. 7B) . In these regions GFP-CCTδ and Flag-dynAP are both found at the extreme edge of the cell (Fig. 7B) . The fine protrusions in the same z plane have a microtubule decorated by p150 Glued -myc extending part-way to the tip, whilst GFP-CCTδ and Flag-dynAP both extend to the extreme ends of the tip (Fig. 7C) . It is thus possible that interactions between GFP-CCTδ and dynAP can occur directly or as a trimeric complex with p150 Glued , although such interactions could be very transient as we were unable to detect binding to dynAP biochemically.
Levels of GFP-CCTδ influence cell migration
Genetic expression profiles of invasive cells isolated from a primary tumor identified CCTδ and CCTγ as being up regulated [26] . Therefore, to determine if increased levels of GFP-CCTδ had an effect on cell 
migration and if this was connected to interactions with p150
Glued , wound healing assays were performed following transfection of B16F1 cells with GFP-CCTδ, GFP-CCTδ D104E or GFP-CCTδ G357D . GFP-CCTβ transfected B16F1 cells were also included as a control for cells expressing a similar GFP fusion protein that was known not to bind to p150 Glued . It is important to note that these experiments were conducted within a time frame where cells expressing the GFP-CCTδ constructs remained adherent [11] . Cells were categorized as having high or low expression levels of the GFP fusion proteins and individual cells were tracked. Sets of representative migration traces are shown in Fig. 8A for cells expressing high levels of GFP fusion proteins and in Fig. 8B for cells expressing low levels of GFP fusion proteins. The tracking measurements of a total of 217-324 cells collected during three independent experiments are presented (Fig. 8C to H) . Measurements are expressed as the accumulated distance (the total distance), the Euclidian distance (straight-line distance between start and end point) and the Y endpoint (where a higher value indicates a greater distance travelled into the wound). When cells are expressing high levels of GFP-CCTδ, the accumulated distance, Euclidian distance and the Y end point are all reduced in Glued (clone 12/P150GLUED). Scale bars correspond to 10 µm. comparison to cells expressing similar amounts of GFP-CCTδ D104E and GFP-CCTδ G357D ( Fig. 8C-E) . In comparison to cells expressing high levels of GFP-CCTβ, GFP-CCTδ cells have a reduced accumulated and Euclidian distance, but there is no significant difference between the Y endpoint values. This suggests that high levels of GFP-CCTβ may also affect some aspects of cell migration. When cells expressing low levels of GFP-CCTδ are compared to those expressing similar amounts of the other three GFP constructs, the GFP-CCTδ cells display a small, but statistically significant increase in the accumulated distance, and a substantial increase in the Euclidian distance and the Y end point (Fig. 8F-H) . This suggests that a modest increase in CCTδ monomer levels enhances directional migration.
Major differences in migration are observed between the high GFP-CCTδ and low GFP-CCTδ expressing cells, for example the accumulated distance of cells expressing low levels of GFP-CCTδ is approximately double that observed for the high expressing GFP-CCTδ cells (Fig. 8C  and F ). These observations are consistent with a slight increase in CCTδ monomer levels having a promoting effect on cell migration, whilst when expressed at high levels, CCTδ becomes inhibitory. There is little difference between the migration of cells expressing high and low levels of the GFP-CCTδ mutants, indicating that these mutants are unable to affect migration. This is consistent with GFP-CCTδ interactions with p150
Glued and changes in cell morphology being important for the altered cell migration observed here.
Discussion
This study expands our knowledge of how CCT activity extends beyond the well-characterized folding function of the CCT oligomer to include subunits possessing distinct functions when monomeric. Here we identify p150
Glued as an interaction partner of CCTδ using a yeast two-hybrid screening approach ( Table 1 ) and confirm that p150 Glued has a functional role in generating cell surface protrusions induced by the over-expression of CCTδ in its monomeric form ( Fig. 1D and E). Our data indicates that the underlying function of monomeric CCTδ involves interactions with p150 Glued in close proximity to the plasma membrane and that this localization involves the transmembrane protein dynAP. That the p150 Glued interaction is exclusive to monomeric CCTδ and does not involve the assembled CCT oligomer is supported by a study aimed to identify CCT oligomer binding proteins, where p150 Glued is not detected [9] . Furthermore, when assembled in the CCT oligomer, CCTδ is known to bind to actin [4] , but actin is not detected as an interaction partner in our screen. This is consistent with monomeric CCTδ having binding activities distinct from those of CCTδ assembled into the CCT oligomer. When levels of monomeric CCTδ are increased by expressing GFP-CCTδ, the protrusion phenotype forms, where the plasma membrane is drawn inwards in a microtubule-dependent manner (Fig. 5 ) consistent with dynein/dynactin-mediated microtubule minus end directed transport. This results in the formation of both retraction fibres where the plasma membrane surrounds actin bundles [11] , and smooth concave regions of the plasma membrane where a microtubule runs parallel to the periphery (Fig. 7B) . Both the yeast two-hybrid interaction screen and immunoprecipitation assays (Fig. 2 B and D) are consistent with interactions occurring between CCTδ and the CC1 domain of p150
Glued .
Structural analyses using cryo-electron microscopy reveal that this region of p150 Glued lies along the outside surface of the dynactin complex and may well be flexible [21] . Thus, it is possible that CCTδ binding to (Fig. 2C ), but failing to induce protrusions Fig. 1A and [11] and failing to localize to plasma membrane [11] . This is also consistent with the cell staining in Fig. 3 where a proportion of p150 Glued localizes to the periphery when GFP-CCTδ is expressed, but not when GFP-CCTδ D104E is expressed. It is therefore tempting to speculate that CCTδ binding induces conformational changes within p150 Glued that affect dynactin complex function, possibly by enhancing interactions with the plasma membrane-associated protein dynAP. Such a mechanism may be similar to that described by Kumar and colleagues, where the C-terminal domains of p150 Glued are able to influence the membrane binding activity of the Arp1 filament that is situated within the dynactin complex [27] .
In the context of a 3D/physiological environment, the maintenance of polarized microtubules is important for cell invasion [28] . The dynactin complex and dynein are both present at the leading edge of cells where they contribute to directional and persistent cell migration [29] and cells expressing increased levels of dynAP, display an increase in the rate of wound healing [30] . Therefore CCTδ associating with p150
Glued and dynAP close to the plasma membrane may contribute to an increase in directional cell migration when cells have modestly enhanced CCTδ monomer levels (Fig. 8B ). Thus modest increases in CCTδ monomer levels may contribute to cell invasiveness, consistent with the observations of Wang et al. [26] . The reduction in cell migration displayed by cells expressing high levels of CCTδ (Fig. 8A) could be a consequence of changes occurring that have the potential to impede migration (such as adhesion or actin filament stability). Furthermore, this is consistent with our observations that factors other than microtubules support the protrusion phenotype ( Fig. 5B and D) . Thus our results presented here suggest that there is a concentration range of CCTδ monomers where cell motility could be enhanced, but that high levels of CCTδ monomers become inhibitory. The identification of an interaction between monomeric CCTδ and p150
Glued reveals another level of complex interplay between the folding/assembly of newly synthesized tubulins and modulation of microtubule associated processes. Formation of the assembly-competent αβ tubulin dimer is mediated by five co-factors named A, B, C, D and E reviewed by [31] and the subsequent polymerization and dynamics is controlled by numerous MAPS reviewed by [32] . In addition to some CCT subunits behaving as MAPS [14] , co-factor D can also act as a MAP in addition to its role in promoting tubulin dimer formation [33] . Furthermore, co-factor B, has been shown to associate with p150 Glued [34] . This dual functionality of proteins means that the cell can switch between a focus upon the production of assembly competent tubulin dimers (requiring folding via the CCT oligomer and co-factormediated assembly) to the modulation of existing microtubule structures and related processes. That CCTδ is both an essential component of the CCT oligomer and an interaction partner of p150 Glued reveals an additional means for connecting microtubule mediated processes to tubulin folding based on the assembly state of CCT and thus the abundance of monomeric CCTδ.
